Examining eye movements is an important part of the neurological evaluation of humans; the distribution of the neural circuits that control these movements is such that they are disrupted-often in highly characteristic fashions-by many disease processes. Technical advances have made it possible to measure accurately the eye movements of mice, so it is now possible to use the detective power of eye movement recording to characterize neurological dysfunction in genetically altered strains. Here we introduce analytical tools used in ocular motor research and demonstrate their ability to reveal disorders of the visual pathways, inner ear, and cerebellum. Published by Elsevier Ltd.
Introduction
The laboratory mouse has long been an important animal for research in neuroscience, owing to the economic advantages of its small size, its hardiness, and its rapid reproductive rate. Its importance has grown still further in recent years because of the explosion of species-specific techniques by which mutants can be created and genetically characterized. These mutants provide animal models of human diseases, as well as tools for investigating the connections between genes, cell biology, and the development and function of neural circuits. New mutants can be created wholesale by such techniques as random mutagenesis, and a wide range of observational tests have been developed by which to screen mouse populations for individuals with abnormal behavioral phenotypes (Crawley, 2000; Crawley & Paylor, 1997; Pinto & Enroth-Cugell, 2000; Rogers et al., 1997) . Once abnormal animals have been identified, a more challenging task begins, i.e., determining the cause of abnormal behaviors. Unfortunately, many of the behavioral tests used in screening are less appropriate for this next step, because the tests are based upon complex behaviors. As such, performance may be impaired by dysfunction at many points along the neuraxis. For instance, an animal may fall off a rotarod due to defects of strength, sensation, coordination, learning, or even motivation.
Neurologists face a similar problem when analyzing the symptoms of their human patients. Frequently, the complaint involves a complex behavior (e.g., imbalance when walking). And although the neurologist will evaluate the patientÕs gait in the course of the examination, he or she usually begins by assessing simpler functions, thereby providing the context within which to interpret subsequent observations. These simpler functions include such elements as gross muscle power, joint position sensation, tendon reflexes, and, perhaps surprisingly, eye movements.
The diagnostic value of eye movements arises from a number of sources. First, many types of eye movements are reflexive, so, in normal patients, there is a fairly stereotypical relationship between the stimulus for the eye 0042-6989/$ -see front matter Published by Elsevier Ltd. doi:10.1016/j.visres.2004.09.011 movement and the response. Even voluntary movements (such as those made when subjects shift the line of sight between different visual targets) are in many respects automatic, and normally have stereotypical trajectories and relationships between velocity and amplitude. Second, eye movements are inherently simpler than motor activities such as limb movements. Unlike limb movements, eye movements are constrained to rotation within a single ball-in-socket joint and operate under an invariant load. The greater simplicity contributes to the stereotypy, which in turn makes it possible to characterize the behavior rapidly. Third, in part because the conceptual simplicity of eye movements has motivated and facilitated their study, a great deal is known about the anatomy and physiology of the circuits that control eye movements. As such, ocular motor abnormalities are often interpretable as dysfunction of particular brain regions or circuits. Fourth and finally, the circuitry underlying eye movements is distributed across a number of organs and regions of interest, including the retina and afferent visual pathways, the inner ear, portions of the medulla, pons, midbrain, and cerebellum, and the extraocular muscles. A demonstration of normal eye movements thus indicates normality of a wide region of brain and associated structures. Conversely, abnormalities in any of these areas are likely to produce detectable and often characteristic abnormalities in the ocular motor performance.
The same attributes that make eye movements useful to human neurologists recommend them to geneticists or neuroscientists faced with the task of analyzing an abnormal mouse. Historically, an impediment to using this tool was the speciesÕ small size, which rendered it difficult to observe and measure eye motion. However, this situation has changed within the past decade by the advent of variations of the technique of magnetic search coil oculography, rendering it suitable for use in mice (Boyden & Raymond, 2003; De Zeeuw et al., 1998; Killian & Baker, 2002; van Alphen, Stahl, Koekkoek, & De Zeeuw, 2001) and by the development of new methods of recording mouse eye movements using infrared video oculography (Stahl, 2002; Stahl, 2004; Stahl, van Alphen, & De Zeeuw, 2000) . The purpose of this review is to familiarize investigators from outside the field of ocular motor research with some of the tools of quantitative analysis of eye movements, and to illustrate their application using data from mice with various types of neurological dysfunction.
Classes of eye movements
The term ''eye movements'' actually refers to a set of behaviors controlled by overlapping neural circuits. Eye movements are generally divided into two classes-gazeshifting and gaze-stabilizing movements (Leigh & Zee, 1999) . Gaze-shifting movements are the domain of animals whose retinas have specialized regions analogous to a fovea. Such ''foveate'' animals must orient each eye to align the retinal specialization with the optical projection of the target of visual interest. Gaze-shifting movements include saccades (which abruptly reorient the direction of gaze), smooth pursuit (which shifts gaze smoothly to keep pace with a moving visual target), and vergence (which orients the eyes independently to shift the distance of the point of regard). In addition, foveate mammals have the ability to override gaze-stabilizing movements when they would take the point of regard off the target (for instance, during attempts to track an object by moving the eyes and head together). This ability to override stabilizing reflexes is conceptually and physiologically related to gaze-shifting movements. Gaze-shifting movements utilize some of the same brainstem and cerebellar circuits that support gaze-stabilizing movements, but also employ a variety of cerebral circuits related to the perception, selection, and memorization of targets of visual interest. Mammals lacking a fovea or area centralis (loosely termed ''afoveate'' mammals) do not exhibit robust gaze-shifting eye movements, although the class may not be entirely absent (Zuidam & Collewijn, 1979) , and they do execute rapid, saccade-like shifts of the head (Collewijn, 1977) , which could have some mechanistic and evolutionary relationships to eye saccades.
More relevant to afoveate laboratory animals such as mice, rats, and rabbits is the second class of eye movements-gaze-stabilizing movements. Since afoveate mammals cannot truly be said to have a direction of gaze, these movements are more accurately termed ''compensatory eye movements.'' The goal of compensatory eye movements is to prevent self motion from causing the image of the world to slip across the retina. Retinal slip is detrimental to clear vision; in humans, acuity falls rapidly when slip exceeds about 4°/s (Barnes & Smith, 1981) . All compensatory eye movements use signals from sensors of self motion to drive eye movements that counter the visual effects of that motion. Compensatory eye movements include the angular vestibulo-ocular reflex (aVOR), linear vestibulo-ocular reflex (lVOR), and optokinetic reflex (OKR). Of these behaviors, the most thoroughly understood are the aVOR and OKR. In contrast, the lVOR is physiologically and anatomically far more complex, because the signals generated by the relevant sensory organs (the utricle and saccule of the inner ear) require more processing before they are appropriate to drive eye movements (Goldberg & Fernandez, 1982) , and because the appropriate ocular responses depend upon the rate of change of linear acceleration and the distance and direction of the point of regard (Buttner-Ennever, 1999; Furman & Baloh, 1992; Hess, 1992; Isu et al., 2000; Paige & Seidman, 1999; Paige & Tomko, 1991; Raphan & Cohen, 2002; Telford, Seidman, & Paige, 1998) . Although rapid progress is being made in understanding the lVOR, we restrict the discussion below to the conceptually simpler rotational reflexes.
A fast reflex, the aVOR
The aVOR generates eye movements that compensate for rotation of the head. In the simplest geometric condition, i.e., with the axis of rotation passing through the head and visual targets infinitely distant, the reflex should generate angular eye velocities equal and opposite to the angular velocity of the head (Snyder & King, 1992) . The rotation is sensed by the semicircular canals of the vestibular labyrinth, each of which is capable of signaling the component of rotation about one axis in space. From the combined signals coming from the six canals (three on each side), the brain can determine unambiguously the axis of rotation in space. The task of the brainÕs aVOR circuits is to process the signals carried by the neurons innervating the semicircular canals so that they are appropriate to drive contraction of extraocular muscles. Conveniently, the pulling directions of the extraocular muscles align roughly with the sensing directions of the semicircular canals (Ezure & Graf, 1984a) . For instance, the left anterior semicircular canal generates signals proportional to the component of rotation about an axis directed in the horizontal plane, approximately 135°to the left of straight-ahead, and the left superior rectus and right inferior oblique extraocular muscles are aligned to rotate the eyes about an opposite axis, pointing approximately 45°to the right of straight ahead. Thus a neural connection from the left anterior semicircular canal to the left superior rectus and right inferior oblique muscles can accomplish the basic task of generating an eye rotation opposite to the direction of head rotation. The basic aVOR circuit is a three neuron arc (Szentagothai, 1950) : semicircular canals are innervated by primary vestibular afferents of cranial nerve VIII, which relay the signal to the secondary vestibular neurons of the medial and superior vestibular nuclei, which transmit the signal to the extraocular motoneurons lying in cranial nerve nuclei III, IV, and VI. A consequence of the circuitÕs simplicity is the rapidity of the aVOR, which engenders in humans and monkeys a delay of less than 10 ms between the initiation of head rotation and the beginning of the compensatory eye movement (Collewijn & Smeets, 2000; Huterer & Cullen, 2002; Minor, Lasker, Backous, & Hullar, 1999) . Fig. 1 shows a sample of aVOR, obtained as a C57BL/6 mouse was oscillated sinusoidally in the horizontal plane at 0.4 Hz. The rotation was performed in darkness to avoid generating a contribution from visually-driven eye movements. As for all the data presented in this review, eye movements were measured using video oculography (Stahl, 2002; Stahl, 2004; Stahl et al., 2000) . A video camera fixed with respect to the mouseÕs head generates an image of the eye, which is processed by computer to yield the position of the pupil within the video frame. The video positions are subsequently trigonometrically converted to horizontal and vertical eye angles. Note in Fig. 1 how the ''shape'' of the horizontal eye movement is similar (but opposite) to the table movement, a congruence rendered clearer by differentiating the position traces to obtain horizontal eye and head velocities (bottom traces). Moreover, the two waveforms are similar in amplitude and roughly aligned in time. Thus, the eye movements are opposite the head movements, as required if the eye movements are going to stabilize retinal images during head motion. Note also the interruptions of the slow sinusoidal eye movements (arrows). The animal generates these rapid resetting movements (fast phases) to prevent the eyes from achieving such eccentric eye-in-head angles that further compensatory movements become impossible. By virtue of their extreme rapidity (they can reach many hundreds of degrees per second in the mouse) fast phases achieve their resetting function while minimizing the time that vision is blurred due to the images moving across the retina.
Research in vestibular and ocular motor physiology has been greatly facilitated by the application of analytical techniques from control systems engineering (Robinson, 1981) . In the language of control systems, the goal of the aVOR is to generate eye movements such that the ratio of eye angular velocity to head angular velocity (the gain) is 1.0, and there is no lag or lead of the eye movements with respect to the head movements (i.e., when considering sinusoidal head movements, the relative phase lead/lag of the eye with respect to the head is 0°). In fact, the aVOR does not achieve this ideal condition. Fig. 2 shows what is termed a ''Bode'' plot, actually a pair of plots of eye movement gain and phase versus stimulus frequency. Derived from averaging data from 11 2-8 month old C57BL/6 animals (Stahl, 2004) , the plot demonstrates that at higher stimulus frequencies the aVOR approaches ideal behavior. However, as frequency decreases, gain falls and phase of the sinusoidal eye movement progressively leads with respect to the head movement. This behavior reflects the properties of the semicircular canals, which report head velocity accurately only around a certain range of stimulus frequencies (Fernandez & Goldberg, 1971) . At lower frequencies, the canals progressively shift to reporting head acceleration. Head acceleration leads head velocity by 90°, and its amplitude falls more rapidly as a function of frequency than does the amplitude of head velocity. Since the brain does not compensate for this shift, the eye velocity response progressively leads, and diminishes in proportion to, head velocity. The Bode plot in Fig. 2 illustrates an important point. Above we noted that the aVOR is a fast reflex, capable of rapid responses to changing head position. The Bode plot indicates that, in fact, the aVOR is only accurate during rapidly changing head positions.
A slow reflex, the OKR
Like the aVOR, the OKR generates eye movements in response to rotation. However, whereas the aVOR takes its estimate of head rotation from the semicircular canals, the OKR bases its estimate on the pattern of motion of images across the retina. The retinal image motion is sensed by a special class of retinal ganglion cells and processed through the accessory optic system (AOS), which ultimately converts the visual flows sensed by individual retinal ganglion cells into an estimate of rotation of the world about the subject (or equivalently, the subject within the world) (Simpson, 1984) . Interestingly, the rotational axes used by the AOS are approximately those used by the semicircular canals, so that the AOS signal can be smoothly merged with the semicircular canal (vestibular) signals at the level of the secondary vestibular neurons (Simpson, Leonard, & Soodak, 1988) . The fact that visual and vestibular estimates of body motion are relayed through the same neurons is responsible for the compelling perception of self motion that is experienced when one is sitting in a stationary train and a train on an adjacent track begins to move.
In the laboratory, OKR is usually elicited by enclosing the experimental animal in a cylinder (drum) whose interior is painted with stripes or a similar, high-contrast pattern, and rotating the drum about the animal. shows an example of OKR in the horizontal plane. As shown in the bottom trace, the drum executed a set of constant velocities of alternating direction over the course of the 70-s recording period. The lights were only illuminated during the periods in which the drum was at constant velocity. The ''lights-on'' periods are indicated by the heavier plotting symbols. As shown in the first trace, during periods of illumination the eye generates to-and-fro changes of angular position (nystagmus). The slow phases of nystagmus are in the direction of the drum rotation, and are periodically interrupted by oppositely-directed resetting movements, the fast phases of optokinetic nystagmus. The second trace shows eye velocity, with the conjunction of slow phase motion and drum illumination indicated by the heavier plotting symbols. Note that eye velocity increases in a stepwise fashion, in a rough approximation of the profile of drum velocity.
As with aVOR, the gain values can be calculated, in this case by dividing the average eye velocity by drum velocity for each of the periods of constant velocity drum rotation in the light. OKR performance is often summarized in a speed tuning curve, i.e., a plot of OKR gain as a function of drum velocity. Fig. 4 shows a speed tuning curve constructed from an average of the curves for 20 C57BL/6 mice. OKR gain falls off rapidly as drum velocity exceeds approximately 5°/s. This attenuation occurs at far lower velocities than is the case in humans and monkeys, because in foveate species the response to drum rotation actually reflects a combination of the gaze-stabilizing OKR and the gaze-shifting smooth pursuit. However, the mouse curve is not dissimilar from other afoveate species, including the rat (Hess, Savio, & Strata, 1988) and rabbit (Collewijn, 1969) . The speed tuning curve illustrates two important differences between the aVOR and OKR. First, the aVOR is a roughly linear system, i.e., the amplitude of the response scales proportionately with increases in stimulus amplitude, i.e., aVOR gain (and phase) is independent of stimulus amplitude. In contrast, the OKR is strongly non-linear. Since the aVOR and OKR share circuitry from the secondary vestibular neuron onward, the non-linearity of the OKR is attributable to the nonlinear properties of the slip-sensitive retinal ganglion cells and the AOS. Second, whereas the aVOR performs best with rapid changes in head position, the OKR performs best in response to image motion generated by slow changes in head position. Not only do the visual pathways respond poorly to high rates of retinal image velocity, the initial stages of image processing engender an appreciable lag between the visual stimulus and ocular motor response, averaging 70 ms in the mouse (van Alphen et al., 2001 ) and rabbit (Collewijn, 1972) . As such, the phase of the response to a sinusoidal drum oscillation would progressively lag the stimulus with increasing stimulus frequency.
Putting it together, the aVVOR
In the natural situation, rotation occurs in the presence of vision. As such, the aVOR and OKR complement each other, with the aVOR compensating for rapid movements of the head, and the OKR compensating for slow rotations. Even at somewhat faster speeds at which the OKR would not perform particularly well if it were the only compensatory reflex, it is sufficient to compensate for the residual image velocities related to small departures of the aVOR from ideal performance. The response of the OKR circuit to residual image velocities is, moreover, the signal that the aVOR is performing imperfectly, and under certain circumstances causes the aVOR circuit to undergo modifications of gain, phase, or direction to improve its performance (Gonshor & Jones, 1973; Khater, Quinn, Pena, Baker, & Peterson, 1993; Miles & Lisberger, 1981; Raymond & Lisberger, 1998; Schultheis & Robinson, 1981) . The combination of OKR and aVOR during rotation in the light is sometimes referred to as the angular visualvestibulo-ocular reflex, or aVVOR. Fig. 5 superimposes curves for the aVVOR on the Bode plot for aVOR presented in Fig. 2 . The same 11 C57BL/6 mice generated the aVVOR and aVOR data. Error bars for the aVOR curves have been omitted for graphical clarity. Note that both gain and phase are relatively flat and near their ideal values across the entire range of tested frequencies. The slight reduction of aV-VOR gain at lower frequencies is an artifact of the video recording setup, which incorporates visible apparatus that moves with the rotating animal and thus conflicts with the optokinetic stimulus generated by the stationary visual surround (Stahl, 2004 ). This effect is most pronounced at low stimulus frequencies, where the OKR contributes most to the gain of the aVVOR.
Although the aVVOR is, by comparison to other motor behaviors, relatively simple, our initial description omits a number of complexities that must be resolved by the neural circuitry. We have already alluded to a complex signal processing task accomplished by the AOS, i.e., the synthesis of an estimate of head rotation from the responses of retinal ganglion cells, which, individually, report only linear motion of the image within a restricted region of the visual field. Another significant challenge relates to the fact that the optokinetic and vestibular signals reflect head velocity (or desired eye velocity), but the neural activation delivered to the extraocular muscles must contain components related to both eye position and eye velocity. Without a position signal, the elasticity of the extraocular muscles would cause the eyes to gravitate to a central position, and would also cause eye motion to lead head motion. The eye position signal is synthesized by mathematically integrating the eye velocity signals, a process achieved by a neural mechanism referred to as the brainstem neural integrator (Skavenski & Robinson, 1973) . This mechanism operates as a side-loop of the three neuron arc, and involves neurons of the medial vestibular nucleus, nucleus prepositus hypoglossi, and cerebellar flocculus (Cannon & Robinson, 1987; Cheron & Godaux, 1987; Zee, Yamazaki, Butler, & Gucer, 1981) . Another task of the aVVOR circuitry is to respond to errors in its own operation-which can be errors of amplitude, timing, or direction-by making appropriate adjustments. Another function relates to adjusting aVOR gains to compensate for more complex geometric situations, i.e., situations in which the axis of rotation does not pass through the head or the visual world is located closer than optical infinity (Snyder & King, 1992) . Still other functions performed by the aVVOR include compensating for slight differences in the axes of the semicircular canals and the eye muscles (Ezure & Graf, 1984b) , enhancing signals from the semicircular canals to improve the performance of the aVOR at low stimulus frequencies (Raphan, Matsuo, & Cohen, 1979) , compensating for mechanical complexities of the eye apart from the elasticity of the extraocular muscles (Fuchs, Scudder, & Kaneko, 1988; Optican & Miles, 1985; Robinson, 1964; , and generating the fast phases of vestibular and optokinetic nystagmus. All of these functions involve side-loops of the three neuron arc. Thus an operational aVVOR in an afoveate mammal implies the integrity of a broad set of posterior brain regions, including but not limited to the midbrain (site of the AOS and extraocular motoneurons of cranial nerve nucleus III), pons (site of the extraocular motoneurons of cranial nerve nucleus VI and the fiber tract linking the vestibular complex and nucleus VI to nucleus III), dorsal medulla (site of the vestibular complex), pontine and medullary reticular formation (location of neurons underlying generation of fast phases of nystagmus), vestibulocerebellum, and ventral medulla (origin of the climbing fiber inputs to the cerebellum), as well as the inner ear, retina, and the afferent visual pathways. In foveate mammals, the aVVOR is also influenced by visual pathways ultimately originating in cerebral cortex, but while connections between cerebral structures and brainstem vestibular structures have been documented in afoveate mammals (Giolli, Torigoe, & Blanks, 1988; Kaufman, Mustari, Miselis, & Perachio, 1996; Nishiike, Guldin, & Baurle, 2000) , their roles (if any) in the aVVOR have yet to be explored.
Analysis of compensatory eye movements in selected mutants
Having outlined the principles of the Bode plot and OKR speed tuning curves, we can now demonstrate their application to characterizing neurological deficits using data from three mutant strains. The first two strains are examples of simple, complete deficiencies of visual and vestibular inputs, respectively. The third example is more complex-a mutant that suffers mild deficits localizable to circuits involving the cerebellar cortex.
C3H is an inbred strain of mice used in a wide variety of research applications. It is frequently used as a background strain on which other mutations are maintained. The strain carries the autosomal recessive retinal degeneration 1 (rd1) mutation, which causes blindness by weaning age (Sidman & Green, 1965 ). Fig. 6 shows the Bode plot for a single C3H animal aged 83 days, superimposed upon control aVOR and aVVOR data presented in previous figures. The aVOR and aVVOR curves for the mutant are identical in both the gain and phase plots, indicating the complete absence of a visual contribution to gaze stabilization during rotation in the light. The gain and phase curves for the mutant closely approximate those of the aVOR of the control group, which suggests that, apart from its effect on visual inputs, the rd1 mutation has no effect upon the circuits mediating compensatory eye movements. As mentioned above, visual inputs provide the aVOR circuit with a measure of its accuracy and stimulate corrections of amplitude, timing, and direction. Animals and humans suffering congenital blindness exhibit severe deficiencies of compensatory eye movements (Leigh & Zee, 1980; Sherman & Keller, 1986) . The close match between the aVOR curves for this C3H animal and controls indicates that the animal was able to calibrate its aVOR during the days between eye opening and the completion of its retinal degeneration. The mildly increased aVOR phase lead at low stimulus frequencies may indicate that the period of vision was insufficient to achieve full calibration, or that calibration drifted after vision was lost. Similar phase leads at low stimulus frequencies have been reported in humans suffering acquired blindness (Sherman & Keller, 1986) .
Ames waltzer mutants share defects of the protocadherin 15 gene (Alagramam et al., 2001 ). These allelic mutants intermittently circle vigorously, an abnormal behavior common to mice suffering maldevelopment or degeneration of the vestibular labyrinth, particularly of the horizontal semicircular canal (Cryns et al., 2004) . The locus of the vestibular dysfunction in Ames waltzer mutants has not been definitively determined, as morphological alterations of the vestibular endorgan have been reported to be absent at ages when the circling behavior is already well established (Alagramam et al., 2000; Osako & Hilding, 1971) . As such, it remains possible that the circling behavior arises from dysfunction at a central, rather than peripheral, level. Fig. 7 shows a typical Bode plot for an Ames waltzer mutant (homozygous for the Pcdh15 avÀ3J mutation, and maintained on the C57BL/6 background), again superimposed on the curves for normal C57BL/6 mice. The mutantÕs aVOR gain is essentially nil at all stimulus frequencies. In the absence of a detectable response to rotation in the dark, response phase could not be determined, and thus is omitted from the plot of phase versus stimulus frequency. The aVVOR curve is highly abnormal, but is easily explained by the properties of the OKR. At low stimulus frequencies, maximal retinal slip velocities are relatively low, and the animal was able to achieve a near-normal aVVOR gain and a perfectly compensatory phase. At higher stimulus frequencies, aVVOR gain declined because the retinal slip velocities reached the point at which gain begins to decline on the speed tuning curve (see Fig. 4 ). Because of the delay inherent to the early stages of visual processing, the response progressively lagged the stimulus as stimulus frequency increased. The aVVOR curves indicate that the OKR performs normally in the Ames waltzer mutant. Since the OKR and aVOR pathways converge at the first central synapse of the aVOR pathway, the preservation of the optokinetic performance indicates that the vestibular dysfunction in Ames waltzer is attributable to dysfunction within the vestibular endorgan or primary vestibular afferents of cranial nerve VIII. The Bode plot coincidentally accounts for the intermittent circling behavior of these mutants. When these animals are stationary or nearly so, visual inputs provide them with the information required to stabilize themselves with respect to the stationary world. However, as soon as they begin moving, the sluggish visual reflexes cannot compensate for the absent vestibular inputs, and the animals entirely lose their bearings. The P/Q voltage-activated calcium channel is heavily expressed in several populations of neurons underlying compensatory eye movements, including the cells that give rise to cerebellar climbing fibers, and the Purkinje and granule cells of the cerebellar cortex (Craig et al., 1998; Hillman et al., 1991; Stea et al., 1994) . Mouse strains bearing mutations of CACNA1A, the gene encoding the pore protein of the P/Q channel, are ataxic. Analysis of their eye movements reveals a set of abnormalities referable to dysfunction of the cerebellar flocculus, a structure known to participate in a number of the signal processing functions of the eye movement circuitry (Stahl, 2004; Stahl & James, 2003) . Fig. 8 demonstrates some of these abnormalities in a set of ten, 8-14 month old tottering (tg) mutants, one of the seven murine CACNA1A mutants that have been described to date. Control data from 13 similarly aged C57BL/6 mice (the background on which the tg mutation is maintained) are provided for comparison. aVOR gain in tg is depressed at all stimulus frequencies, consistent with impairment of a gain-enhancing function attributable to the flocculus of non-foveate mammals on the basis of lesion and neuron recording data (De Zeeuw, Wylie, Stahl, & Simpson, 1995; Ito, 1982; Nagao, 1983; van Neerven, Pompeiano, & Collewijn, 1989) . aVOR phase lead is increased at low stimulus frequencies, consistent with damage to the brainstem neural integrator. Integrator dysfunction is a common finding following experimental or disease-related damage to the cerebellum, particularly the cerebellar flocculus (Leigh & Zee, 1999; Robinson, 1974; van Alphen, Schepers, Luo, & De Zeeuw, 2002; Zee et al., 1981) . The flocculus of afoveate mammals serves as a conduit for a portion of the visual signals that drive the OKR (Barmack & Pettorossi, 1985; Cazin, Lannou, & Precht, 1984; Hassul, Daniels, & Kimm, 1976; Ito, 1982; Kano, Kano, & Maekawa, 1991; Nagao, 1983) . Several features of the plots are consistent with OKR impairment, and thus with a transmission/processing deficit in the flocculus. These features include the narrowed gap between the aVOR and aVVOR gain curves in tg as compared to controls, the increased phase lead of aVVOR in tg at low stimulus frequencies (because the optokinetic signal is insufficient to counter the phase lead of the aVORÕs contribution to the aVVOR), and the generalized attenuation of the OKR speed tuning curve. Reductions of aVOR and aVVOR gain, increased low-frequency aVOR phase leads, and reduced OKR gains have also been demonstrated to be present at some point in the lifespan of the allelic P/Q mutant, rocker (Stahl, 2004) . In a new mutant exhibiting generalized motor abnormalities of hitherto undetermined origin, this constellation of ocular motor abnormalities would suggest that at least part of the motor abnormalities are attributable to dysfunction within the cerebellar cortex.
Place of analytical oculography in characterization of new mutants
Quantitative oculography in mice requires a considerable investment in instrumentation. The minimum requirements include a video pupil tracking system, a servo-operated turntable, a servo-operated optokinetic drum or projection planetarium (Simpson et al., 1988) , and a computer equipped with data acquisition software. At this time, complete mouse recording systems are not commercially available, and thus integrating these components into a working system entails a considerable amount of modification, custom fabrication (particularly the apparatus used to restrain the mouse, control the infrared illumination, and position the video camera), and software development. Each animal must be surgically implanted with a head fixation pedestal, a procedure that requires approximately 25 min and a rodent surgery facility. Finally, acquiring and analyzing the data to generate Bode plots and OKR speed tuning curves requires 2-3 h per animal. Thus quantitative oculography is not appropriate for high-throughput screening of unselected mutants. For the present, it will likely remain a specialized procedure applied to selected mutants, either by labs already engaged in ocular motor research, or perhaps by commercial laboratories engaged in phenotyping on a contract basis. Nevertheless, the power of this approach is such that investigators working outside the field of ocular motor science can expect to encounter an increasing number of studies that incorporate ocular motor data in mice.
